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Supplementary methods

Effective sample size (Nef), which is the number of individuals which would make up an equally-

powered study with a 1:1 case:control ratio, is defined as 4/[(1/N¢ases)+(1/Ncontrols)])- It is provided
to allow more direct comparison of the power of each study to detect associations.

BMPR2 mutations were considered pathogenic if they had been classified as clearly or likely
pathogenic variants®.

Study Cohorts

UK National Institute of Health Research BioResource (NIHRBR) for Rare Diseases study — PAH
was defined by right heart catheterization measurements including mean pulmonary artery pressure
(mPAP) > 25 mmHg, pulmonary capillary wedge pressure (PCWP) < 15 mmHg, and pulmonary
vascular resistance (PVR) > 3 Woods Units. Eligible cases were recruited from the UK National
Pulmonary Hypertension Centres, as well as Université Sud Paris (France), the VU University
Medical Center Amsterdam (The Netherlands), the Universities of GieBen and Marburg (Germany),
and San Matteo Hospital, Pavia (Italy). Study recruitment was undertaken between 29 Jan 2003 and 4
Jan 2017, and patients were followed up to 24 Mar 2017. Patients with a family history or presence of
known pathogenic mutations were included in the main analysis, but excluded from sub-analyses.
Cases were excluded if they were not able to provide written informed consent or were diagnosed
with other forms of PAH. One patient withdrew from the study. Controls consisted of patients with
other rare diseases from the NIHRBR rare disease study (more details of final numbers below).

US National Biological Sample and Data Repository for Pulmonary Arterial Hypertension/PAH
Biobank (PAHB) study - PAH was defined by right heart catheterization measurements including
mPAP > 25 mmHg, PCWP < 18 mmHg, and PVR > 2.5 Woods Units. Eligible cases were recruited
from 29 pulmonary hypertension centers across the United States and enrolled as part of the National
Biological Sample and Data Repository for Pulmonary Arterial Hypertension (PAH Biobank,
www.pahbiobank.org) funded by the National Institutes of Health/National Heart Lung and Blood
Institute (R24HL105333). PAH cases were recruited between October 3, 2012 to March 14, 2016.
Controls were selected from the Vanderbilt Electronic Systems for Pharmacogenomic Assessment
(VESPA) cohort** ascertained at Vanderbilt University (VU). The VESPA project used BioVU, VU’s
large DNA repository coupled to de-identified data from electronic health records (EHRs), to
investigate the genetic component of individual response to medications for 28 pharmacogenomic
phenotypes unrelated to PAH, including angiotensin-converting enzyme (ACE) inhibitor-induced
cough, vancomycin-induced kidney dysfunction, heparin-induced thrombocytopenia, and others®
BioVU was approved by the Institutional Review Board at Vanderbilt University as described
previously®. BioVU recruited using an opt-out model until January 2015, at which time an opt-in
model was adopted. The complete VESPA project population includes 11,639 genotyped individuals
from BioVU (84% Caucasian and 12% African American) with a median age of 61.6 years. Only
samples of European descent that were genotyped on the lllumina® Omni5-Quad BeadChip array
were included in the control population for this study (n=2,144)°. The controls include individuals
with type 1 diabetes (n=251) and connective tissue diseases (n=56). 31 controls with a diagnosis of
pulmonary hypertension were excluded. Combining cases with controls data (n=2,144), a total of
4,245 subjects were available for analysis.

Paris Pulmonary Hypertension Allele-Associated Risk cohort (PHAAR) study - Diagnosis with PAH
was defined by hemodynamic measurement during right-heart catheterization for all cases identified
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by the French PAH Network between 1 January, 2003, and 1 April, 2010. For all cases, PAH was
defined as a mPAP >= 25 mmHg associated with normal PCWP. Cases with known pathogenic
mutations in BMPR2 or ACVRL1 were excluded. Further details have been published’. The control
group was composed of a random sample of 1,140 subjects who were free of any chronic disease from
the 3C Study®. The 3C Study is a population-based prospective cohort with a 4-year follow-up carried
out in three French cities: Bordeaux (southwest France), Montpellier (southeast France) and Dijon
(central eastern France).

British Heart Foundation Pulmonary Arterial Hypertension GWAS (BHFPAH) study - The BHFPAH
cohort comprised IPAH patients recruited from the Pulmonary Hypertension Division at University
Hospital Giessen or from specialist PAH centres in the UK, namely Royal Hallamshire Hospital
Pulmonary Vascular Unit, Northern Pulmonary Vascular Unit — Freeman Hospital, Papworth Hospital
NHS Foundation Trust, National Pulmonary Hypertension Service — Hammersmith Hospital, Royal
Brompton and Harefield NHS Foundation Trust, and the Scottish Pulmonary Vascular Unit. Patients
were recruited between 3 Dec 1998 and 1 Dec 2011 and all provided written informed consent to
participate in the study. The BHFPAH control cohort was population based, comprising of individuals
ascertained through the Wellcome Trust Case Control Consortium, UK or recruited as part of the
Food Chain Plus (FoCus) cohort’, Germany. Individuals in the Focus cohort with BMI>30 were
excluded. All IPAH cases and UK controls were genotyped at King’s College London on an Illumina
HiScan system, whilst genotype data for the German controls were generated by Popgen™.

All patients in all cohorts studied were consented using either NIHRBR study consent forms (UK
Research Ethics Committee: 13/EE/0325), PAHB consent forms (R24HL105333), BHFPAH consent
forms (08/H0802/32) or local tissue bank consent forms allowing genetic testing. The use of DNA
from the PAHB controls for genetics studies has been approved by the Institutional Review Board at
VU as described previously)*°.

Vasoresponders are defined as patients who showed a significant drop in pulmonary artery pressure in
response to acute vasodilator exposure at cardiac catheterisation. These patients subsequently go on to
show good clinical outcomes on calcium channel blocker vasodilator therapy™.

The data collected within each study were collected according to standard SOPs determined at the
initiation of each study and monitored by a central site for each study.

Whole-genome DNA sequencing in NIHRBR study

DNA extracted from venous blood underwent whole-genome sequencing using the Illumina TruSeq
DNA PCR-Free Sample Preparation kit (Illumina Inc., San Diego, CA, USA) and Illumina HiSeq
2500 or HiSeq X sequencer, generating 100 - 150 bp reads with a minimum coverage of 15X for
~95% of the genome (mean coverage of 35X). Throughout the project the read length chemistries
used were 100 bp (n=357), then 125 bp (n=3074), and finally 150bp (h=5586). Sequencing reads were
pre-processed by Illumina with Isaac Aligner and Variant Caller (v2, lllumina Inc.) using human
genome assembly GRCh37 as reference. Variants were normalised and merged into a multi-sample
VCF file using the gvcf aggregation tool ‘agg’. Samples with potential handling errors (n=3) were
excluded.

Genotyping of PAHB patient cohort and controls

DNA extracted from venous blood of both cases and controls was genotyped using Illumina
HumanOmni5 Bead Chip system (lllumina, San Diego, CA). Genomic DNA prepared at the PAH

Page 3 of 39



Biobank was used according to manufacturer’s manual protocol contained in Illumina’s Infinium
LCG Quad Assay Protocol Guide. XStain LCG BeadChip step of the protocol was performed on a
Tecan Freedom Evo robot (Tecan, Switzerland) and completed BeadChips were scanned on an
Illumina iScan system.

Sample QC in NIHRBR Study

Female sex was defined by the logyp-transformed Y X coverage ratio being less than the mean plus

three times the standard deviation in self-reported females (-1.027). Seven samples where sex and
self-reported gender differed were excluded. Gender data were not available for 15 controls, these
controls were also excluded.

The ethnic origin of each participating individual was determined using a representative set of 35,114
MAF>0.3, independent autosomal SNPs with no missing calls present on Illumina genotyping arrays".
Briefly, principal components were calculated in 2,110 European, East and South Asian and African
samples from the 1,000G project and used to assign ethnicities to all 9,110 samples in the NIHRBR.
Only individuals of European ancestry, as assigned from a mixture of multivariate Gaussian models®,
were considered for the discovery analysis (n=7,196). 251 South Asian subjects, who represented the
largest ethnic group after Europeans, were used for a trans-ethnic meta-analysis.

Average heterozygosity and missingness was calculated for each individual within ethnic groups in all
variants with MAF>0.05. All individuals with either measure more than 3 times the interquartile
range from the median were excluded from the analysis (n=92).

Relatedness was defined by pi-hat scores calculated between all pairs of individuals (minimum pi-hat
score in relatives was 0.094) using the same SNPs used for ethnicity calculations and the algorithm
implemented in PC-Relate (GENESIS package, as previously described?). Related individuals were
grouped into family networks and the (i) most inter-connected and/or (ii) first-sequenced individuals
in each family were removed sequentially until no further related individuals remained (n=1,209
excluded).

To define remaining population structure principal components were calculated in the European
individuals included in the analysis using the same 35,114 variants described above.

In the UK discovery analysis, the final group consisted of 5895 individuals including 847 PAH
patients, recruits to Genomics England Ltd (GEL, n=1,102, 21.8% of non-PAH), individuals with
bleeding, thrombotic and platelet disorders (BPD, n=834, 16.5%), primary immune disorders (PID,
n=802, 15.9%), retinal dystrophies/paediatric neurology and metabolic disease (SPEED, n=774,
15.3%), multiple primary tumours (MPMT, n=472, 9.4%), hypertrophic cardiomyopathy (HCM,
n=202, 4.0%), intrahepatic cholestasis of pregnancy (ICP, n=184, 3.7%), steroid resistant nephrotic
syndrome (SRNS, n=154, 3.1%), primary membranoproliferative glomerulonephritis (PMG, n=133,
2.6%), cerebral small vessel disease (CSVD, n=126, 2.5%), neuropathic pain disorder (NPD, n=117,
2.3%), stem cell and myeloid disorder (SMD, n=79, 1.6%), leber hereditary optic neuropathy (LHON,
n=53, 1.1%), Ehlers-Danlos syndrome (EDS, n=11, 0.2%) and others (CNTRL, n=5, 0.1%), or their
first degree relatives.

Sample QC in PAHB study
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For PAH Biobank cases, raw data, call rates, and quality scores were visualized (lllumina
GenomeStudio). Patient samples with low genotyping rate (<95%) and gender discordance between
clinical data and genomic data (n=8) were excluded for final genotyping calling. SNPs with call
frequency < 97%, cluster separation <0.45, AA R, AB R, and BB R mean <0.2, 10% GenCall score
<0.3, Het Excess >0.2, A//B frequency >0.5, and AB T mean <0.15 or >0.85 were removed. For the
controls, genotype calling was performed at Vanderbilt University (VU). A total of 2,101 PAH cases
were successfully genotyped. Control genotype data were cleaned using the quality control pipeline
developed by the eMERGE Genomics Working Group®.

For each dataset, we excluded samples with (i) high degree of relatedness and (ii) race/ethnicity
discordance between recorded clinical data and genomic data. Identity-By-Descent (IBD-pairwise)
analysis was performed to identify potentially related or duplicated samples. After removing
individuals self-identified as other than non-Hispanic European ancestry, case and control individuals’
genomic ancestry was assessed using data from 1000 Genomes Project including individual of
European, East and South Asian, and African ancestry through the use of principal component
analysis. A total of 200,448 independent, common SNPs were included in the principal component
analysis. Individuals who did not cluster with 1000 Genome Project European Populations were
removed.

Imputation in PAHB study

The 1,740,956 successfully genotyped SNPs were included for imputation. Imputation was performed
using Michigan Imputation Server'?. After removing duplicated SNPs and SNPs with ambiguous
alleles, and correcting strand, VCF files were uploaded to their server. The phasing of genotype data
were done using Eagle version 2.3". Imputation was performed using the Minimac3 algorithm and
the Haplotype Reference Consortium panel®. After the imputation, there were a total of 39,148,816
SNPs. We excluded 31,421,226 SNPs due to insufficient quality control metrics and low frequency,
including poor imputation quality (Rsg<0.3), MAF<1%, and Hardy Weinberg Equilibrium P-value
<0.00001. A total of 7,727,590 SNPs were included for statistical analysis.

QC in BHFPAH study

To ensure the replication cohort was independent from the samples used for GWAS discovery, the
complete BHFPAH and NIHR-BR datasets were compared using identity-by-descent analysis in plink
and related samples were removed from the BHFPAH cohort. Standard GWAS QC was performed on
this subsample. Variant QC included selection of autosomes only, exclusion of duplicate and
ambiguous variants, alignment to the forward strand (merged with 1000 Genomes), exclusion of
variants with excess missingness (>0.05), exclusion of variants with significant differences in call rate
between cases and controls, exclusion of rare variants (MAF<0.01), and exclusion of variants with
significant HWE deviation (p<1x10-05 in controls). Sample QC included exclusion of heterozygosity
outliers (>3SD), duplicated/ related individuals (IBD>0.1875), reported and genotyped sex
mismatches, and population PCA outliers. The final cohort used for analysis comprised 275 cases
(n=136 German, n=139 UK) and 1,983 controls (n=509 German FOCUS sample, n=1474 UK). Post
QC, genotypes were imputed to 1000 Genomes phase 3 version 5 using the Michigan Imputation
Server. Post imputation, SNPs were filtered on minor allele frequency (MAF>=0.01) and estimated
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imputation accuracy (INFO/R2>=0.7). Logistic regression association analyses were run in PLINK
with the first 10 principal components of the genotype data.

Sensitivity analyses

Sensitivity analyses excluding 1) cases with rare clearly pathogenic or likely pathogenic BMPR2
variants or 2) each of the disease control groups in the NIHRBR (rare diseases) and PAHB data were
performed to evaluate the influence by these subgroups on the stability of observed effects.

Credible set analysis

We applied credible set fine-mapping™ to dissect the potential causal variants driving the observed
associations. The P-values from the meta-analysis results including all four studies were converted
into Bayes’ Factors (BF) following the notation of Fuchsberger et al.’, and posterior probabilities for
each BF were calculated by dividing each value by the sum of all BFs within +/- 200 kb region of the
lead SNP. We further ranked the posterior probabilities from the largest to the smallest, and formed
99% credible sets by summing up the ranked posterior probabilities until the cumulative sum reached
0.99.

Effects of novel loci on clinical phenotypes

Associations between novel loci and clinical phenotypes, including age, sex, haemodynamics, PAH
functional class and co-morbidities in PAH cases were tested using Kruskal Wallis ANOVA for
continuous variables and Cochran-Armitage test (assuming an additive model) for categorical
variables, or the linear-by-linear test for functional class. P-values corrected for false discovery rate
(FDR)<0.05 were considered significant.

Assessment of the SOX17 locus

Hi-C data from the Hi-C browser'’ were visualised at http://promoter.bx.psu.edu, accessed 1% May
2018. The SOX17 locus was mapped using epigenetic modification data and functional annotations of
the region using NIH Roadmap Epigenomics Mapping Consortium data including the auxiliary
chromatin Multivariate Hidden Markov Model (chromHMM)*®*° and specific chromatin modification
information for relevant tissues from the EU-FP7 project Blueprint Epigenome study
[http://mww.blueprint-epigenome.eu/, accessed 17/07/17] and DNase hypersensitivity data in
pulmonary artery endothelial cells from ENCODE®, visualised using the UCSC Genome Browser
(https://genome-euro.ucsc.edu/, accessed 17/07/17). Promoter capture Hi-C data were visualised using
the chicp.org plotter”. We also queried the Genotype-Tissue Expression (GTEx) database
(https://www.gtexportal.org, accessed 27/09/2017) for eQTL analysis.

Cell culture

Primary human pulmonary arterial endothelial cells were obtained from PromoCell (PromoCell
GmbH, Heidelberg, Germany). Cells were seeded on fibronectin (Sigma Aldrich) and cultured in
Endothelial Growth Medium 2 (PromoCell) with supplements as provided by the manufacturer. For
experiments cell of passage 4-7 were used. Experiments were repeated with cells from different
donors.

Repression of putative SOX17 enhancer region
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A single CRISPR inhibition vector containing an expression cassette with a nuclease dead SpCas9
(dCas9) fused to the KRAB repressor domain, 2A peptide and blasticidin resistance, and an
expression cassette for a Cas9 single guide RNA was used to repress targeted regions (lentiCRISPRI,
lentiEFla-KRAB-dCas9-2A-blast-(BB), Addgene#118154). Three different guide RNAs against the
putative enhancer site (chr8:55269900-55270100, hg19) and against a non-coding region upstream of
the SOX17 transcription start site (chr8:55353563-55353583, hgl9) were designed using Tefor
CRISPOR tool (Version 4.3, May 2017) and cloned into the lentiCRISPRi vector. Validated guide
RNA sequences against Enhanced Green Fluorescent Protein (EGFP) and blue fluorescent protein
(BFP) were obtained from Addgene (https://www.addgene.org/crispr/reference/grna-sequence/;
118157, Lenti-(BB)-EFla-KRAB-dCas9-P2A-BlastR BFP-guidel; 118158, Lenti-(BB)-EFla-KRAB-
dCas9-P2A-BlastR EGFP-guidel). Guide RNAs against EGFP, as well as a guide RNA against a
non-coding region upstream of the SOX17 transcription start site served as negative controls. A guide
RNA against the transcription start site of SOX17 served as positive control. After optimization, the
guide RNA with the highest repression efficiency (based on SOX17 expression) was chosen (Figure
S9B) and used for subsequent experiments. The sequence of the guide RNAs is provided in Table
S12.

Lentiviral particles were prepared by co-transfection of the CRISPRi lentiviral plasmids with
lentiviral packaging plasmids pMDLg/pRRE (Addgene #12251), pRSV-Rev (Addgene #12253) and
pMD2.G (Addgene #12259) packaging/envelope into 70% confluent human 293FT cells (Invitrogen)
using PElpro DNA transfection reagent (Polyplus Transfection, Illkirch France). Lentiviral
supernatant was harvested 72 h after transfection, and concentrated with Lenti-X Concentrator
(Clontech, Mountain View US) following manufacturer’s instructions. Human pulmonary arterial
endothelial cells were transduced with 10ul of concentrated lentivirus for 48h followed by a selection
with 10pg/mL blasticidin (Gibco/Thermofisher Scientific, Hempstead UK) for 72h.

SOX17 expression

After 72h of blasticidin selection, cells were lysed and mRNA was extracted using Qiagen RNeasy kit
(Qiagen, Manchester UK). Reverse transcriptase polymerase chain reaction (RT-PCR) was performed
using Multiscribe Reverse Transciptase (Applied Biosystems/ThermoFisher Scientific), followed by
guantitative PCR, using PowerSYBRgreen mastermix (Applied Biosystems/ThermoFisher Scientific).
Relative expression of the gene of interest (GOI) was calculated as 2*(CT value [GOI] — CT value
[ACTBL1]), in which ACTB1 served as housekeeping gene. In addition to SOX17, the relative
expression of two neighbouring genes (MRPL15 and TMEM®68) was measured. The primer sequences
used for qPCR were designed using PrimerBlast, and are provided in Table S12.

Haplotype-specific Luciferase assay

Genomic DNA (gDNA) was isolated from blood-outgrowth endothelial cells (BOECs) using a
QiaAmp DNA Mini kit (Qiagen). BOECs were isolated and cultured as previously described®; for
haplotype-specific reporter assays gDNA was isolated from a patient heterozygous for rs13266183.
Primers were designed (http://nebuilder.neb.com/) to clone 100bp gDNA areas containing each of the
SNPs in the credible set which overlapped the epigenomic data indicating likely enhancer function
(Figure 2B). Primers were flanked by sequences compatible with Kpnl restriction sites (Table S12).
Inserts were obtained by Q5-based polymerase chain reactions (New England Biolabs, Ipswich,
Massachusetts), and purified after gel electrophoresis. The purified product was cloned into the
multiple cloning site of pGL4.23 firefly luciferase vector (Promega, Madison, Wisonsin), followed by
transformation of the final vector and insert into stable Top10 E.coli. Plasmid DNA was extracted
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from multiple bacterial colonies, and sent for Sanger sequencing to obtain plasmids with haplotype-
specific inserts, i.e. A versus G at rs10958403. Human pulmonary artery endothelial cells (HPAECS)
were transfected with either of these plasmids, using AMAXA electroporation (device: Nucleofector
I, programme: M-03, kit: VPI-1001, Lonza, Basel, Switzerland). The empty pGL4.23 vector served as
control, while a Renilla luciferase plasmid (Promega) was co-transfected to control for transfection
efficiency. 24h after transfection cells were lysed, followed by measurement of firefly luciferase and
Renilla luciferase (Dual Luciferase Reporter Assay, Promega). Data are presented as fold-induction of
the luciferase/Renilla ratio compared to the empty vector.

Software

Bcftools (v1.2)%, veftools (v0.1.14)%, plink (v1.90beta)”®, R*® and RStudio®” with associated packages
(v3.3.0/v1.0.136, R Foundation for Statistical Computing, Vienna, Austria) IBM SPSS Statistics 23
(International Business Machines Corp, New York, NY) and Microsoft Excel 2010 (Microsoft,
Redmond, WA) were used for analysis of data.
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Supplementary Results

Definition of key variants and sensitivity analyses

Sets of variants most likely to be causal (‘credible sets’) at the two novel PAH loci comprised 9
variants at HLA-DPA1/DPBL1 and 4 and 31 at the two SOX17 signals, respectively (Table S3).

The strength of association with the HLA-DPAL1/DPB1 and SOX17 signals was not altered after
exclusion of 161 (NIHRBR) and 54 (PAHB) cases with pathogenic®® rare heterozygous variants in
BMPR2 (Table S4). Similar results were seen after removing patients with any monogenic cause of
PAH, including BMPR2 mutations (Table S4). In additional sensitivity analyses, removing other rare
diseases from non-PAH controls did not change the strength of association with the top signals (Table
S4).

Association between PAH and known expression quantitative trait loci (eQTL)

We queried the Genotype-Tissue Expression (GTEX) database (https://www.gtexportal.org, accessed
27/09/2017) to examine the potential downstream regulatory effects of the SNPs associated with PAH
in different tissues but found none were associated with Sox17 expression, and the Sox17 eQTLs
present in both GTEX and the discovery GWAS analyses (rs2375863, rs1123133, rs79519760 and
rs142492583) were not associated with PAH (p>0.5 in all). For HLA-DPB1 all eQTLs present in the
GWAS analysis were in LD with rs1811359, which was also not associated with PAH (p=0.9).

Association between HLA-DPB1 locus and outcomes in incident PAH

Survival analyses were repeated after removal of (i) cases with rare, pathogenic BMPR2 mutations
and (ii) any rare, pathogenic mutation in known PAH genes, with similar results (Figure S4). A sub-
analysis within 192 NIHRBR/PAHB incident cases (enrolled within 6 months of diagnosis) showed,
for rs2856830, a minor allele frequency, MAF=0.16 (versus MAF=0.12 in controls and MAF=0.20 in
all cases) and a similar separation in survival curves by genotype (Figure S4E).

Analysis of 673 PAH patients diagnosed since 2010 with follow-up, who would have had access to all
modern medications under the same treatment guidelines, showed a similar difference in survival by
copies of the C allele of rs2856830, with estimated 5-year survival of 100% in C/C homozygotes [data
not shown].

PAH locus at HLA-DPA1/DPB1

The lead variant rs2856830 is in weak LD with variants associated with vasculitis and systemic
sclerosis, conditions which are themselves associated with PAH (rs9277341% [r’=0.31] and
rs3135021% [r*=0.33]). The HLA-DPA1/DPB1 locus was independently associated with PAH after
conditioning on these variants (pPeone=5.41x107).

In a case-control analysis, HLA-DPB1*02 (most commonly *02:01, p=4.91x10™") was most enriched
in PAH cases (p=4.95x10"?, Table S8). HLA-DPB1*04 was less common in PAH, whilst HLA-
DRB1*15 and several HLA-B alleles including B*35 (primarily B*35:01) were enriched in PAH (all
p<0.05, Figure S5). The residues that differ between the most common HLA-DPB1*0201 (enriched)
and DPB1*0401 (depleted) alleles are at positions 36, 55, 56 and 69 (Table 2 and Table S9). These
residues were also associated with rs2856830 genotype, diagnosis of PAH (versus controls) and
survival in PAH patients (Table S9).
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Supplementary tables

London BHFPAH

UK NIHRBR US PAHB Paris PHAAR study study
Genotyping platform IHlumina WGS HumaInlgjrrnnrllri];1 Quad gli?g&:ug ig(z:lhoi;) Illlér)r:(i)r;rz;\eOBnggijthpi:)ess
BeadChip
Variant call rate >95% >95% >95% >95%
Hardy-Weinberg Equilibrium p>10° p>107 p>10 p>107°
Minor allele frequency (MAF) >2% >1% >1% >1%
Imputation quality n/a Rsq=0.3 Rsq>0.3 Rsg>0.3

Filter on individuals included

Europeans, unrelated,
gender matches sex,

Europeans, unrelated,
gender matches sex,

Europeans, unrelated,

Europeans, unrelated,
gender matches sex,

hﬁ;gizggr?;;;y’ age>18, BMPR2 negative heterozygosity
Final N cases 847 694 269 275
Final N controls 5,048 1,560 1,068 1,983
Effective N 2,901 1,921 860 966
Sex: number female [%)] 579 [68.4%] 539 [77.8%)] 185 [73.4%)] 184 [66.9%]

Age at diagnosis

50.8 [38.0 - 64.6]

52.4[39.8 - 61.7]

48.9 [35.0 - 58.0]

51.3[36.9 - 67.0]

Diagnosis [%]

Idiopathic PAH 759 [89.6%] 612 [88.2%] 222 [82.5%] 246 [89.5%]
Heritable PAH 51 [6.0%] 54 [7.8%] 8 [3.0%] 27 [9.8%]
Drug-associated PAH 37 [4.4%] 28 [4%] 39 [14.5%] 2 [0.7%]
Years from diagnosis to

sampling, median (interquartile 2.64 (0.79-6.60) 4.27 (1.40-8.51) 1.74 (0.07-5.75) 0 (0-1.93)
range)

PAH rare mutations identified, 178 (21.0%) 94 (13.5%) 0* 21 (7.6%)

(%)

Table S1 - Genotyping details and quality controls of studies. *patients with rare mutations in PAH genes
were specifically excluded from recruitment to this study.
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Effect

allele
Chromosome f
- requency
and position, i NoN-
Variant hg19 Einnish
: Effect/ Non- Euroneans
effect alleles irF:
gnomAD
Lead SNPs
HLA-
DPA1/DPB1, 6:33041734:C/T 0.12
rs2856830
SOX17,
signal 1 8:55267612:C/T 0.73
rs13266183
SOX17,
signal 2 8:55258127:G/A 0.90
rs10103692
Other SNPs
HLA-DPB1
missense . .
SNP, 6:33048640:G/A 0.23
rs1042140
SOX17,
genotyping . .
lead SNP 8:55265980:T/C 0.91
rs28576721*

Meta-analysis of all
cohorts (n=2085
cases, 9659 controls,
effective n=6648)

Odds ratio
(95% Metaj
8 analysis
confidence
B P-value
intervals)
156 (1.42  7.65x10°
-1.71) 2
1.36(1.25 1.69x10°
-1.48) 12
1.80 (1.55 5.13x10°
-2.08) 1
1.41(1.30 7.13x10°
- 1.53) v
1.75(1.50 3.07x10°
- 2.05) 12

Random effects
meta-analysis of all
cohorts (n=2085
cases, 9659 controls,
effective n=6648)

Odds ratio
(95% Meta—_
- analysis
confidence
. P-value
intervals)
155(1.40 2.21x10°
-1.71) v
1.32(1.13  4.87x10°
- 1.54) 4
1.80(1.55 5.13x10°
-2.08) 1
141(1.30 5.77x10°
-1.53) v
1.78 (1.44  5.85x10°
-2.19) 8

Measures of
heterogeneity
between cohorts

2 Q Sig.
Q
0088 329 1
0667 901 1
0 194 1
0 o073 1
0342 456 1

PAHB

0.99380

0.99841

0.99950

0.97427

0.92054

r2 if imputed

PHAAR  BHFPAH

0.992

0.9567

0.9951

0.8518

0.5513

Table S2 - Heterogeneity and imputation quality of lead SNPs across studies. 1> - Heterogeneity index 12. Q;
heterogeneity index, with calculated significance p-values (Sig. Q).
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0.99729

0.97445

0.99478

0.96113

0.91886



CBLN2: PHAAR GWAS SNP,

Variant rs2217560 GWAS SNP 1, rs71427857 GWAS SNP 2, rs13023449
Chromosome and position, hg19 18:70150939 2:183497840 2:183499313
Effect/ Non-effect alleles G/IA T/G CIT
UK NIHRBR (n=847 cases v 5,048 controls)
Effect allele frequency in controls/cases 0.084/0.099 0.09/0.10 0.09/0.10
Odds ratio (95% confidence intervals) 1.19(0.99 - 1.42) 1.10(0.92 -1.31) 1.10(0.92 -1.31)
Sig. 0.061 0.31 0.29
US PAHB (n=694 cases v 1,560 controls)
Effect allele frequency in controls/cases 0.083/0.082 0.08/0.09 0.08/0.09
Odds ratio (95% confidence intervals) 1.05(0.82 - 1.34) 1.00 (0.80 -1.27) 1.00 (0.80 -1.27)
Sig. 0.74 0.98 0.98
r2 if imputed genotyped 0.99955 genotyped
Paris PHAAR study (n=269 cases v 1,068 controls)
Effect allele frequency in controls/cases 0.10/0.10 0.10/0.10
Odds ratio (95% confidence intervals) study firt reparied CBLNZ 0.99 (0.70 - 1.41) 1.0 (0.70 - 1.42)
Sig. 0.97 0.99
r2 if imputed genotyped 0.9942 0.9987
London BHFPAH study (n=275 cases v 1,983 controls)
Effect allele frequency in controls/cases 0.083/0.083 0.08/0.10 0.08/0.10
Odds ratio (95% confidence intervals) 0.97 (0.70 - 1.35) 1.17 (0.86 - 1.60) 1.17 (0.86 - 1.60)
Sig. 0.87 0.308 0.308
r2 if imputed 0.99254 0.99956 genotyped

PDE1A|DNAJC10: Japanese

PDE1A|DNAJC10: Japanese

Meta-analysis of UK NIHRBR, US PAHB and London BHFPAH (n=1,816 vs 8,591) and Paris PHAAR for PDE1A/DNAJC10 (n=2,085 vs 9,659)

Odds ratio (95% confidence intervals) 1.10 (0.96 - 1.26) 1.07 (0.95 - 1.21) 1.08 (0.95 - 1.21)

Meta-analysis P-value 0.17 0.24 0.23
12 0.531 0 0
Q 6.40 0.90 0.90
Sig. Q 1 1 1

Table S3 - Results for CBLN2 and PDE1A|DNAJC10 SNPs from the published GWAS in analyses from this
study. 17 - Heterogeneity index 12. Q; heterogeneity index, with calculated significance p-values (Sig. Q).
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reid chr:pos effect other
allele allele
HLA-DPA1/DPBL locus in all cohorts
rs2071349  6:33043520 G C
rs2856830 6:33041734 C T
rs9277338  6:33032363 A T
rs3830065 6:33037199 C G
rs9277336  6:33030885 A G
rs9277334  6:33030112 C A
rs2301226  6:33034596 A G
rs9277569  6:33058402 T C
rs2295119  6:33060870 T G
SOX17 signal 1 following conditioning on signal 2
rs13266183  8:55267612 C T
rs12674755  8:55270204 C T
rs10958403  8:55269940 G A
rs12677277  8:55270271 T C
SOX17 signal 2 following conditioning on signal 1
rs9298503  8:55228897 C T
rs10103692  8:55258127 A G
rs12542396  8:55243761 G T
rs1868322  8:55253917 C G
rs10112815  8:55244463 A G
rs7816139  8:55242042 T C
rs12335302  8:55241412 G A
rs10958401 8:55241711 G A
rs7844284  8:55245449 C T
rs73598763  8:55262295 C T
rs10086131  8:55259753 T A
rs73598745  8:55250583 A G
rs4738801  8:55238494 G C
rs10106467  8:55257871 T C
rs10504164  8:55257452 A G
rs12676216  8:55257260 C T
rs12676167  8:55257035 C A
rs4738806  8:55263551 G A
rs12216711  8:55254302 C T
rs1992905  8:55253627 G A
rs61312536  8:55254404 C T
rs28656193  8:55254686 A G
rs12675939  8:55252939 A G
rs1354513  8:55252246 G A
rs765727  8:55251803 C T
rs1354512  8:55252228 C T
rs28584047  8:55255165 G A
rs2889135  8:55245138 G C
rs10504163  8:55255545 A G
rs77845050  8:55256491 G A
rs61290317  8:55264242 A C

Table S4 - Credible sets of variants with 99% of the posterior probability. Variants from each signal were
analysed and assigned a likelihood of being the causal variant. OR, odds ratio, 95L, lower 95% confidence
interval, 95U, upper 95% confidence interval, eaf, effect allele frequency, chr, chromosome, pos, position.
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effect allele
frequency

0.14
0.13
0.12
0.14
0.14
0.14
0.14
0.12
0.13

0.74
0.74
0.74
0.73

0.92
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.92
0.92
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91

OR

1.54
1.56
1.55
1.52
1.52
1.51
1.51
1.53
1.52

1.29
1.28
1.28
1.27

1.65
1.65
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.65
1.64
1.63
1.63
1.60
1.60
1.60
1.60
1.61
1.60
1.60
1.60
1.60
1.60
1.60
1.60
1.60
1.60
1.59
1.59
1.59
1.56

OR
95L

1.40
1.42
1.41
1.39
1.38
1.38
1.38
1.39
1.38

1.18
1.17
1.17
1.17

1.42
1.42
1.41
1.42
1.41
1.41
1.41
1.41
1.41
1.42
1.41
1.41
1.40
1.39
1.39
1.39
1.39
1.39
1.38
1.38
1.38
1.38
1.38
1.38
1.38
1.38
1.38
1.38
1.37
1.37
1.36

OR
95U

1.69
1.71
1.71
1.67
1.67
1.66
1.66
1.69
1.68

1.41
1.40
1.39
1.39

1.92
191
1.90
191
1.90
1.90
1.90
1.90
1.90
191
1.90
1.89
1.88
1.86
1.85
1.85
1.85
1.86
1.85
1.85
1.85
1.85
1.85
1.84
1.84
1.84
1.84
1.84
1.84
1.84
1.80

7.64E-20
6.9E-20
6.75E-19
1.91E-18
3.4E-18
4.95E-18
4.95E-18
7.35E-18
9.03E-18

9.82E-09
2.13E-08
2.87E-08
3.22E-08

4.16E-11
4.85E-11
6.23E-11
6.23E-11
6.46E-11
6.49E-11
6.58E-11
6.58E-11
7.14E-11
7.15E-11
9.5E-11
9.67E-11
1.18E-10
1.92E-10
2.08E-10
2.13E-10
2.2E-10
2.27E-10
2.49E-10
2.73E-10
2.75E-10
2.75E-10
2.78E-10
2.8E-10
2.82E-10
2.83E-10
2.83E-10
3.16E-10
3.78E-10
3.81E-10
5.63E-10

Bayes'
factor

4.49E+15
3.80E+15
4.66E+14
2.56E+14
1.56E+14
1.15E+14
1.14E+14
6.14E+13
5.58E+13

1486027
714438
537646
482807

237193232
205344048
162151229
161752712
156760042
155945033
154044373
154044373
142573613
141943947
108440968
106910852
88684272
56339958
52155716
51120007
49587032
48003796
44173189
40416575
40117683
40117683
39820340
39523830
39228639
39064163
39064163
35225867
29788342
29568283
20654788

Posterior
probabilities

0.47
0.40
0.05
0.03
0.02
0.01
0.01
0.01
0.01

0.46
0.22
0.17
0.15

0.09
0.08
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.05
0.04
0.04
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

rank

O 00 N O U1 b WN P

A W N P

21.5
21.5
23
24
25
26.5
26.5
28
29
30
31



Group excluded

NIHRBR
BPD

GEL

Other

PID

SPEED

BMPR2

Pathogenic

rare variants

PAHB

TiD

CTD

TiD and CTD

BMPR2

Pathogenic
rare variants

Table S5 - Sensitivity analyses in UK NIHRBR study and US PAHB study - association results are shown for

OR (95% ClI)
Sig.
OR (95% ClI)
Sig.
OR (95% ClI)
Sig.
OR (95% ClI)
Sig.
OR (95% ClI)
Sig.
OR (95% ClI)
Sig.
OR (95% ClI)

Sig.

OR (95% ClI)
Sig.
OR (95% ClI)
Sig.
OR (95% ClI)
Sig.
OR (95% ClI)

Sig.

OR (95% Cl)

Sig.

HLA-DPA1/DPB1:
Lead SNP, rs2856830

1.7 (147 - 1.96)
3.56x10™"
1.68 (1.45 - 1.94)
1.44x10%?
1.75 (1.51 - 2.03)
4.11x10™
1.66 (1.44 - 1.92)
1.27x10™2
1.68 (1.45 - 1.95)
3.4x10™
1.83 (1.57 - 2.12)
4.6x10™
1.81 (1.56 - 2.10)

5.8x10%°

1.47 (1.21-1.78)
1.10x10*
1.47 (1.21-1.77)
8.03x10°
1.50 (1.23-1.83)
5.51x10°

1.49 (1.22-1.80)

6.27x10°

1.50 (1.24- 1.83)
4.07x10°

HLA-DPBL1: Missense

SNP, rs1042140

1.37 (1.21 - 1.54)
4.22x107
1.36 (1.21 - 1.54)
4.76x107
1.36 (1.2 - 1.54)
6.43x107
1.39 (1.23 - 1.57)
6.15x10°®
1.36 (1.2 - 1.54)
9.79x107
1.43 (1.26 - 1.63)
1.63x10®
1.42 (1.25 - 1.62)

8.24x108

1.42 (1.21-1.66)
1.88x10°
1.41 (1.20-1.64)
2.11x10°
1.43 (1.22-1.68)
1.46x10°
1.40 (1.19-1.65)

4.487x10°

1.42 (1.21-1.67)

2.22x10°

SOX17: Lead SNP at
signal 1, rs13266183

1.42 (1.24 - 1.62)
2.37x107
1.47 (1.28 - 1.69)
1.57x10°
1.45 (1.26 - 1.66)
6.38x10°
1.44 (1.26 - 1.65)
5.02x10°®
1.44 (1.26 - 1.66)
1.27x107
1.38 (1.2 - 1.59)
5.07x10°
1.41 (1.22 - 1.63)

2.43x10®

1.56 (1.32-1.84)
2.07x107
1.51 (1.28-1.78)
7.62x107
1.55 (1.31-1.83)
456x107
1.57 (1.32-1.87)

1.84x107

1.59 (1.34-1.88)

1.44x107

SOX17: Lead SNP at
signal 2, rs10106467

1.8 (1.43 - 2.26)
3.38x107
1.83 (1.46 - 2.3)
1.18x107
1.81 (1.44 - 2.27)
2.64x107
1.83 (1.46 - 2.29)
1.04x107
1.83 (1.45 - 2.32)
2.84x107
1.81 (1.42 -2.3)
8.42x107
1.81 (1.42 - 2.31)

1.95x10°®

1.78 (1.35-2.36)
5.09x10°
1.79(1.36-2.35)
3.68x10°
1.79 (1.35-2.38)
5.10x10°

1.94 (1.44-2.61)

1.10x10°

1.94 (1.44-2.62)
1.30x10°

main SNPs of interest after exclusion of each of the main control disease groups, or PAH cases with
pathogenic BMPR2 rare variants.
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Variable name T/T T/IC CIC Sig. q
NIHRBR
n [%] 559 [66.0%)] 242 [28.6%)] 46 [5.4%]
Sex: female (n [%]) 359 [64.2%] 182 [75.2%] 38 [82.6%] <0091 <000
Age at diagnosis (years) 52.7 [39.2 - 66.3] 48.2 [35.8 - 61.0] 435 [32.4-59.9] 0.001 | 0.048
Vasoresponder (n [%]) 16 [12.3%] 7 [13.5%] 3[16.7%] 0.615 0.869
MPAP (mmHg) 53.0 [44.0 - 61.0] 53.0 [44.0 - 62.0] 53.0 [43.0 - 61.0] 1 1
PCWP (mmHg) 10.0[7.0 - 12.0] 9.0 [7.0 - 12.0] 10.0[7.0 - 14.0] 0.835 | 0.968
CO (L/min) 3.9[3.2-5.0] 40[3.2-4.9] 46[3.8-48] 0.394 | 0.805
CI (L/min/m2) 2.1[1.7-2.6] 2.2[1.7-28] 2.4[2.0-26] 0.072 | 0.405
PVR (WU) 11.1[7.3-15.1] 11.2[7.5 - 14.7] 9.2[7.8-13.5] 0.627 | 0.869
Functional class, (n [%]) : 1| 12 [2.4%] 5 [2.5%] 0 [0.0%)] 0.121 | 0.548
Il | 96 [19.3%] 52 [26.0%] 15 [36.6%)]
I | 335[67.4%] 121 [60.5%] 21 [51.2%)]
IV | 54[10.9%] 22 [11.0%)] 5 [12.2%]
emwt distance (m) 300.0 [148.5 - 396.4] | 356.0 [248.0 - 426.0] | 316.5[228.8-366.2] | 0.046 | 0.361
PAHB
Sex, Female 373 [77.7%] 147 [79.0%)] 19 [67.9%] 0.628
Age, years 53.5[41.1 - 63.4] 49.2 [37.2-59.1] 44.3[32.0-58.1] 0.004
MPAP (mmHg) 51.0 [41.0 - 59.0] 52.0 [41.3 - 60.0] 54.0 [43.0 - 59.5] 0.665
PCWP (mmHg) 10.0 [7.0 - 13.0] 10.0 [7.8 - 12.3] 11.0[8.0 - 12.0] 0.233
CO (L/min) 43[3.4-5.2] 45[3.6-5.2] 4.2[3.6 - 4.9] 0.925
Cl (L/min/m2) 2.2[1.8-28] 241.8-28] 2.2[1.9-24] 0.515
PVR (WU) 9.8[6.4-14.4] 9.7 [6.4-13.7] 9.7[7.3-11.7] 0.633
Functional class, (n [%]i 15 [5.3%)] 5 [4.4%] 2 [12.5%] 0.142
Il | 71[25.1%] 43 [37.7%)] 4 [25.0%]
| 177 [62.5%)] 57 [50.0%] 9 [56.2%]
IV | 20[7.1] 9 [7.9%] 1[6.3%]
6mwt distance (m) 344.2[270.8 - 434.2] | 348.5[230.8 - 425.6] | 337.1[269.8-399.1] | 0.046
PHAAR
Sex, Female 149 [72.0%)] 62 [63.9%] 12 [80.0%)] 0.557
Age, years 50.4 [34.5 - 60.0] 49.2 [36.8 - 58.5] 41.7 [32.4 - 49.2] 0.334
BHFPAH
Sex, Female 127 [68.3%)] 54 [63.5%] 3 [75%] 0.700
Age, years 53.6 [37.9 - 68.5] 48.6 [35.4 - 61.7] 32.6 [30.8 - 49.5] 0.137

Table S6 - Characteristics of PAH patients with different HLA lead SNP rs2856830 genotype
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UK Europeans in UK NIHRBR

rs2856830 genotype TIT TIC C/C
Diabetes Mellitus 35 14 4
Coronary Heart Disease 40 8 1
Systemic Hypertension 23 14 3
Hyperlipidaemia 21 7 1
Autoimmune disorders 19 3 1
Negative autoantibodies tests 237 91 23
Autoantibodies detected 64 26 2
Total 577 243 44
As percentages

Diabetes Mellitus 6% 6% 9%
Coronary Heart Disease 7% 3% 2%
Systemic Hypertension 4% 6% 7%
Hyperlipidaemia 4% 3% 2%
Autoimmune disorders 3% 1% 2%
Negative autoantibodies tests 41% 37% 52%
Autoantibodies detected 11% 11% 5%
AutoAb of those tested 21% 22% 8%

Table S7 - Count and percentages of comorbidities in UK study individuals divided by HLA lead variant
rs2856830 genotype
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Europeans Frequency by rs2856830 genotype Frequency in PAH vs non-PAH controls

Famil Contr

y Gene Type | T/T T/C cic Sig. q FDR ols Cases  Sig q FDR
HLA DPB1 02 | 0.03 0.48 097  <5e-247 <be-247 0.138  0.208 4.61E-14 8.64E-11
HLA DPB1 0201 | 0.03 0.44 0.90  <b5e-247 <be-247 0.129  0.197 7.63E-13 7.15E-10
HLA DPB1 04 | 061 0.32 0.00 1.69E-243 6.34E-241 | 0539  0.485 0.00054 0.0365
HLA DPB1 0401 | 048 0.26 0.00 1.28E-140 2.40E-138 | 0.425  0.390 0.0285 0.217
HLA DPB1 0202 | 0.00 0.03 0.07 1.63E-89 2.77E-87 | 0.009 0.011 0.686 0.902
HLA DPA1 0103 | 0.79 0.90 1.00 1.07E-50 6.23E-49 | 0815 0.831 0.505 0.843
HLA DPA1 02 | 021 0.09 0.00 1.57E-50 8.40E-49 | 0.179  0.165 0.555 0.869
HLA DPA1 01| 0.79 0.91 1.00 1.80E-49 8.44E-48 | 0.821  0.835 0.579 0.882
HLA DPA1 0201 | 0.17 0.07 0.00 7.14E-46 3.26E-44 | 0.146  0.130 0.406 0.774
HLA DPB1 16 | 0.00 0.02 0.02 1.70E-42 7.08E-41 | 0.006  0.008 0.155 0.571
HLA DPB1 1601 | 0.00 0.02 0.02 1.70E-42 7.08E-41 | 0.006  0.008 0.155 0.571
HLA DPB1 0402 | 0.13 0.06 0.00 5.12E-25 2.08E-23 | 0.115  0.095 0.109 0.478
HLA DPB1 03 | 0.12 0.06 0.00 1.44E-24 5.50E-23 | 0.105 0.111 0.205 0.647
HLA DPB1 0301 | 0.12 0.06 0.00 1.44E-24 5.50E-23 | 0.105 0.111 0.205 0.647
HLA DRB1 0302 | 0.00 0.00 0.01 1.80E-12 6.14E-11 | 0.000  0.000 0.657 0.898
HLA DRB1 0406 | 0.00 0.00 0.01 6.65E-12 2.19E-10 | 0.001  0.000 0.604 0.884
HLA DPB1 01| 0.07 0.04 0.00 3.76E-10 1.17E-08 | 0.061  0.055 0.744 0.915
HLA DPB1 0101 | 0.07 0.04 0.00 3.76E-10 1.17E-08 | 0.061  0.055 0.744 0.915
HLA DRB1 10 | 0.00 0.01 0.01 5.31E-08 144E-06 | 0.006  0.006 0.769 0.922
HLA DRB1 1001 | 0.00 0.01 0.01 5.31E-08 144E-06 | 0.006  0.006 0.769 0.922
HLA DRB1 0103 | 0.00 0.00 0.02 5.74E-08 1.53E-06 | 0.002  0.001 0.497 0.840
HLA DRB1 03 | 0.05 0.08 0.10 6.53E-07 1.37E-05 | 0.060  0.062 0.863 0.958
HLA DRB1 0301 | 0.05 0.08 0.10 9.58E-07 1.93E-05 | 0.059  0.061 0.884 0.966
HLA B 18 | 0.03 0.05 0.09 1.21E-06 2.38E-05 | 0.037  0.055 0.00105 0.0463
HLA B 1801 | 0.03 0.05 0.09 1.21E-06 2.38E-05 | 0.037  0.055 0.00105 0.0463
HLA DRB1 1502 | 0.00 0.01 0.02 3.74E-06 7.08E-05 | 0.004  0.004 0.841 0.950

Table S8 - Association of HLA types with lead GWAS HLA variant rs2856830 and PAH. Frequencies of
HLA types are shown for all subjects by rs2856830 genotype and by non-PAH controls and PAH cases with
p-values from chi-squared tests, raw and FDR-corrected.
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Family
HLA
HLA
HLA
HLA
HLA
HLA
HLA
HLA
HLA
HLA
HLA
HLA
HLA

Gene
DPB1
DPB1

DRB1
DPB1

DRB1

O wWww

Allele
02
02:01
35:01
15:01
04
35
50:01
15
50
18
18:01
44
15

digits
2

NN PBAEDNMNMNNMDMNNBEEDNDMNNBESE BB

In Europeans selected for UK GWAS (n=5895)

non-PAH
0.14
0.13
0.05
0.07
0.54
0.07
0.01
0.08
0.01
0.04
0.04
0.17
0.02

PAH
0.21
0.20
0.06
0.09
0.48
0.09
0.01
0.10
0.01
0.06
0.06
0.13
0.03

Sig.
1.17E-14
2.31E-13
2.49E-05

0.0003
0.0002
0.0002
0.0014
0.0004
0.0014
0.0004
0.0004
0.0002
0.0015

Table S9 - HLA types associated with PAH in Europeans after FDR-correction.
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Frequencies and significance by chi-squared test

p. FDR
4.95E-12
4.91E-11
0.00352
0.0180
0.0130
0.0130
0.0486
0.0184
0.0486
0.0181
0.0181
0.0130
0.0492



Associations with HLA-DPBL alleles

Amino acid residues in DPB1 alleles

Frequencies by GWAS SNP rs2856830 | Association with PAH

Survival analysis

Position / Allele 8 9 11 33 35| 3 55 56 | 57 65/69|76 84 85 86 87 96 178 194 T/T TIC cic ;Z’L' PAH  Sig H;fgd 95% Cl  Sig
DPB1*02:01 L F G E F V D E E I'TE|M GG P MR L R 3% 44% 90% 13% 20% 8x10™% 0.70 0.49- 0.049
DPB1*02:02 L F G E L V E A E ITE|M G G P M 0% 3% 7% 0.9% 1.1% 0.69 0.31 0.04- 0.243
DPB1*16:01 L F G E F \Y D E E I/TE|M D E A V 0% 2% 2% 0.6% 0.8% 0.16 129 041- 0.667
DPB1*03:01 vV Y L E F V D E D LIK|V DE A VK L R 12% 6% 0% 10% 11% 0.20 0.88 0.59- 0.550
DPB1*04:01 L F G E F A A A E I/TK|M GG P MR L R 48% 26% 0% 43% 39% 0.029 1.33 1.04- 0.026
DPB1*04:02 L F G E F Vv D E E IfK|M GG P MR M R 13% 6% 0% 11% 10% 0.11 1.17 0.81- 0.401
DPB1*01:01 vV Y G E Y A A A E I/K|V D E A VK L Q 7% 4% 0% 6.1% 55% 0.74 0.81 0.46- 0.461
Associations with specific HLA-DPB1 residues
Amino acid residues in DPBL1 alleles Frequencies by GWAS SNP rs2856830 Survival analysis
Allele / . . . . . . . . . . Hazard . . Hazard .
Position 02:01 02:02 16:01 03:01 04:01 04:02 01:01 | Residue T/T T/C C/IC Residuee T/T T/C CIC Residue ratio 95% ClI Sig Residue ratio 95% Cl  Sig
36 Vv Vv Vv Vv A v A A 60% 32% | 1% A 1.34 1.05-1.72 0.021
55 D E D D A D A A 60% 33% | 0% D 37% 62% @ 92% A 1.33 1.04-171 0.024 D 0.77 0.6 - 0.99 0.044
56 E A E E A E A A 63% 36% @ 9% A 129 1.01-166 0.044
69 E E E K K K K K 84% 44% | 1% E 12% 55% | 99% K 1.37 105-18 0.022 E 0.71 06.5:4_ 0.018

Table S10 - Associations of HLA-DPBL1 alleles and specific amino acid residues with the lead HLA-DPB1 SNP rs2856830, diagnosis of PAH and survival in PAH.
Orange indicates alleles and residues depleted in PAH cases and green indicates those enriched in PAH cases. Green to red shading of percentages and hazard ratios is

used to indicate directionality of associations (green indicates enriched in genotype/associated with improved outcomes in PAH).
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Guide RNA Sequence Hg19 target locus Species

Negative control 1: Blue | BFP CDS guide 1: NA Human

fluorescent protein | ATGGCGTGCAGTGCTTCAGC

(BFP)#

Negative control 2: | eGFP CDS guide 1: NA Human

Green fluorescent | GAAGTTCGAGGGCGACACCC

protein (eGFP)#

Negative control 3: Area | F: CACCGTATGTTCCCTAGCCAAGACT chr8:55353563-55353583 Human

upstream of SOX17 R: AAACAGTCTTGGCTAGGGAACATAC

Positive control: SOX17 | F: CACCGTCTGGTCTACAGCGTACCC chr8: 55370524-55370543 Human

promoter R: AAACGGGTACGCTGTAGACCAGAC

GWAS locus guide 1 F: CACCGAAGGCCTCCCCAATTGTGTA chr8:55269985-55270007 Human
R: AAACTACACAATTGGGGAGGCCTTC

GWAS locus guide 2 F: CACCGTAAGCCATACACAATTGGGG chr8:55269992-55270012 Human
R: AAACCCCCAATTGTGTATGGCTTAC

GWAS locus guide 3 F: CACCGTACTGGAGGCCCACAATGTG chr8:55270017-55270037 Human
R: AAACCACATTGTGGGCCTCCAGTAC

gPCR Primers (gene) Sequence Species

SOX17 F: GGACCGCACGGAATTTGAAC Human
R: GGACACCACCGAGGAAATGG

MRPL15 F: GCGGATCCTGCCAAATTTCC Human
R: AACTCTGCTTCCTTGGACGG

TMEMG68 F: CAGCCGTTTGGCATGGTTAT Human
R: GCGATGACCCCATACGATGT

ACTB1 F: GCACCACACCTTCTACAATGA Human
R: GTCATCTTCTCGCGGTTGGC

Primers for cloning of | Sequence Species

100bp region

rs1095403 F: ctggcctaactggecggtacAAATAGAAGCGACGCTGC Human
R: aggctagcgagctcaggtacCAATTGGGGAGGCCTTTTG

rs12674755 F: ctggcctaactggecggtacGGACAGCCACCCATTTTATC Human
R: aggctagcgagcetcaggtacACCTCCCTTTAAGCTTAATTC

rs12677277 F: ctggcctaactggecggtacACAGGCTGGAGGCACAGTC Human
R: aggctagcgagctcaggtacCAAGTGCCAGGCACTTCC

rs765727 F: ctggcctaactggecggtacTGGGTCCTGGTCTGGATG Human

R: aggctagcgagcetcaggtacGGATGAGTCTGATGGCTC

Table S11 — Oligonucleotide sequences used as guide RNA in CRISPR inhibition experiments and as primers
for quantitative PCR. Testing for primer efficiency demonstrated primer efficiencies between 90 and 110%.
Uppercase: Gene-specific primer. BFP = Blue fluorescent protein, F = Forward, GFP = Green fluorescent

protein, NA = not applicable, R = Reverse. #negative control guides were taken from the Addgene validated

guide RNA repository https://www.addgene.org/crispr/validated-grnas/ accessed 01/07/2017.
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https://www.addgene.org/crispr/validated-grnas/

Supplementary Figures

A . NIHRBR GWAS B. Meta-analysis of PAHB, PHAAR and
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C. Meta-analysis of NIHRBR, PAHB,
PHAAR and BHFPAH

- HLA-DPA1/DPB1 p=7.65x10%
i

. ' SOX17 p=5.13x10"15
i

logiolp)

T T T T T T T T T T T T T T TTTT
1 2 3 4 5 6 7 9 10 11 12 13 15 17 19 21

Chromosome

Figure S1 - Genome-wide association analysis results, illustrated by Manhattan plots. A. GWAS of WGS data
from NIHRBR and B. Meta-analysis of genome-wide genotype data from PAHB, PHAAR and BHFPAH. C.
Meta-analysis of all four studies.
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A. Fine mapping and functional characterisation of SOX17 locus
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B. Genomic regions spatially associated with SOX17 promoter in circulating
endothelial progenitor cells: promoter-capture Hi-C
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Figure S2 - Annotation of the SOX17 locus. A. Mapping of SOX17 locus variants associated with PAH with
public epigenetic data. The credible sets for signals 1 and 2 indicate positions of variants 99% likely to contain
the causal variants. RNU105C and RN7SL250P are non-coding RNA genes and the location of the SOX17
gene is shown. Transcription factor binding sites as determined by ChlP-Seq experiments of 161 factors from
ENCODE with Factorbook Motifs are shown. Auxiliary hidden markov models (HMM), which summarise
epigenetic data to predict the functional status of genomic regions in different tissues/cells are shown.
FANTOM Cap Analysis of Gene Expression (CAGE) data indicate actively transcribed genes with stringent
criteria. Epigenetic data in endothelial cells (EC) including human umbilical vein ECs (HUVEC), human
pulmonary artery ECs (hPAECs) and endothelial progenitor cells (EPC), also known as blood outgrowth ECs
(BOEC) included indicate areas likely to contain active regulatory regions and promoters. Markers include
histone 3 lysine 4 monomethylation (H3K4Me1l, often found in enhancers) and trimethylation (H3K4Me3
strongly observed in promoters) and lysine 27 acetylation (often found in active regulatory regions). The blue
dashed line indicates the area where epigenetic data suggest a putative enhancer region, overlapped by
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variants associated with PAH. B. Promoter capture Hi-C data for the SOX17 promoter from chicp.org plotter
in endothelial precursor cells. Lines indicate significant associations between genomic loci. Green dots
indicate positions of variants in SOX17 locus credible set (99% likely to contain causal variant), their distance
from the centre of the figure indicates the strength of their association with PAH; the dark grey line indicates
genomewide significance.
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Figure S3 - A. Screening for the repression efficiency of three different guides against the region around the
GWAS lead SNP by relative Sox17 mRNA expression, showing the most efficient repression with guide RNA
3, as compared to negative controls. Mean+SEM of n=2-4 experiments. B. Expression of a gene 1.3Mb 3’ to
SOX17, TMEMG8 in representative CRISPR repression experiment with n=4 replicates.
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A Survival excluding BMPR2 variant carriers
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B Kaplan-Meier excluding BMPR2 carriers
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Figure S4 - Survival sensitivity analyses. A. Meta-
analysis of all cohorts for homozygosity at the HLA-
DPB1 lead SNP excluding BMPR2 mutation carriers. B.
Kaplan-Meier analysis excluding BMPR2 mutation
carriers. C. Meta-analysis of all cohorts for
homozygosity at the HLA-DPBL1 lead SNP excluding
rare, pathogenic mutation carriers. D. Kaplan-Meier
analysis excluding rare, pathogenic mutation carriers. E.
Kaplan-Meier survival estimate curves for sub-analysis
of incident NIHRBR/PAHB PAH cases (sampled for
DNA testing within 6 months of diagnosis).
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Figure S5 - Frequencies of HLA allele groups in NIHRBR controls and PAH cases. * indicates significance
after FDR correction p<0.05. Only HLA B, DPAL, DPB1 and DRB1 allele groups with more than 1%
frequency in controls are shown.
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Table legends
Table S1 - Genotyping details and quality controls of studies

Table S2 - Heterogeneity and imputation quality of lead SNPs across studies. 12 - Heterogeneity index 12.

Table S3 - Results for CBLN2 SNP from the published Paris GWAS, rs2217560, in GWAS analyses from this
study.

Table S4 - Credible sets of variants with 99% of the posterior probability. Variants from each signal were
analysed and assigned a likelihood of being the causal variant.

Table S5 - Sensitivity analyses in UK NIHRBR study - association results are shown for main SNPs of
interest after exclusion of each of the main control disease groups, or PAH cases with pathogenic BMPR2 rare
variants.

Table S6 - Characteristics of PAH patients with different HLA lead SNP rs2856830 genotype
Table S7 - Count and percentages of comorbidities in BRIDGE subjects divided by HLA lead variant

Table S8 - Association of HLA types with lead GWAS HLA variant and PAH. Frequencies of HLA types are
shown for all subjects by genotype of lead GWAS variant, and divided by non-PAH controls and PAH cases
with p-values from chi-squared tests, raw and FDR-corrected.

Table S9 - HLA types associated with PAH in Europeans after FDR-correction.

Table S10 - Associations of HLA-DPB1 alleles and specific amino acid residues with the lead HLA-DPB1
SNP rs2856830, diagnosis of PAH and survival in PAH. Orange indicates alleles and residues depleted in
PAH cases and green indicates those enriched in PAH cases. Green to red shading of percentages and hazard
ratios is used to indicate directionality of associations (green indicates enriched in genotype/associated with
improved outcomes in PAH).

Table S11 — Oligonucleotide sequences used as guide RNA in CRISPR inhibition experiments and as primers
for quantitative PCR. Testing for primer efficiency demonstrated primer efficiencies between 90 and 110%.
BFP = Blue fluorescent protein, F = Forward, GFP = Green fluorescent protein, NA = not applicable, R =
Reverse. #negative control guides were taken from the Addgene validated guide RNA repository
https://www.addgene.org/crispr/validated-grnas/ accessed 01/07/2017.
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Figure legends

Figure S1 - Genome-wide association analysis results, illustrated by Manhattan plots. A. UK WGS study
NIHRBR and B. Genotyping studies including PAHB, PHAAR and BHFPAH. C. Meta-analysis of all four
studies.

Figure S2 - Annotation of the SOX17 locus. A. Mapping of SOX17 locus variants associated with PAH with
public epigenetic data. GWS variants indicates positions of specific variants which reached p<5x10-8 in the
discovery analysis in the UK and US studies. The credible sets indicate positions of variants 99% likely to
contain the causal variants. RNU105C and RN7SL250P are non-coding RNA genes and the location of the
SOX17 gene is shown. Transcription factor binding sites as determined by ChlP-Seq experiments of 161
factors from ENCODE with Factorbook Motifs are shown. Auxiliary hidden markov models (HMM), which
summarise epigenetic data to predict the functional status of genomic regions in different tissues/cells are
shown. FANTOM Cap Analysis of Gene Expression (CAGE) data indicate actively transcribed genes with
stringent criteria. Epigenetic data in endothelial cells (EC) including human umbilical vein ECs (HUVEC),
human pulmonary artery ECs (hPAECs) and endothelial progenitor cells (EPC), also known as blood
outgrowth ECs (BOEC) included indicate areas likely to contain active regulatory regions and promoters.
Markers include histone 3 lysine 4 monomethylation (H3K4Mel, often found in enhancers) and
trimethylation (H3K4Me3 strongly observed in promoters) and lysine 27 acetylation (often found in active
regulatory regions). The blue dashed line indicates the area where epigenetic data suggest a putative enhancer
region, overlapped by variants associated with PAH. B. Promoter capture Hi-C data for the SOX17 promoter
from chicp.org plotter in endothelial precursor cells. Lines indicate significant associations between genomic
loci. Green dots indicate positions of variants in SOX17 locus credible set (99% likely to contain causal
variant), their distance from the centre of the figure indicates the strength of their association with PAH; the
dark grey line indicates genomewide significance.

Figure S3 - A. Screening for the repression efficiency of three different guides against the region around the
GWAS lead SNP by relative Sox17 mRNA expression, showing the most efficient repression with guideRNA
3, as compared to negative controls. Mean£SEM of n=2-4 experiments. B. Expression of a gene 1.3Mb 3’ to
SOX17, TMEMG68 in representative CRISPR repression experiment with n=4 replicates.

Figure S4 - Survival sensitivity analyses. A. Meta-analysis of all cohorts for homozygosity at the HLA-DPB1
lead SNP excluding BMPR2 mutation carriers. B. Kaplan-Meier analysis excluding BMPR2 mutation carriers.
C. Meta-analysis of all cohorts for homozygosity at the HLA-DPBL1 lead SNP excluding rare, pathogenic
mutation carriers. D. Kaplan-Meier analysis excluding rare, pathogenic mutation carriers. E. Kaplan-Meier
survival estimate curves for sub-analysis of incident NIHRBR/PAHB PAH cases (sampled for DNA testing
within 6 months of diagnosis).

Figure S5 - Frequencies of HLA allele groups in UK controls and PAH cases. * indicates significance after
FDR correction p<0.05. Only HLA B, DPAL, DPB1 and DRBL1 allele groups with more than 1% frequency in
controls are shown.
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